



























































































































































this	is	the	first	time	propulsion	has	been	observed	in	a	system	of	isotropic,	unmodified	colloidal	particles.		 The	dynamic	behavior	of	active	colloidal	particles	is	different	than	that	of	Brownian	colloidal	particles.	Passive	Brownian	particles	undergo	translational	as	well	as	rotational	diffusion1.		The	direction	of	motion	of	a	passive	Brownian	particle	is	random,	given	the	stochastic	nature	of	the	Brownian	force.	In	N	dimensions,	the	mean-squared	displacement	of	a	particle	with	translational	diffusion	coefficient	D	at	lag	time	t	is	given	by:	Δ𝑟!(𝑡) = 2 𝑁 𝐷 𝑡	.	 	 	 	 	 	 	 	 	 							(2)	In	the	case	of	active	colloidal	particles	propelling	with	velocity	v,	particle	motion	is	due	to	an	internal	self-propelling	force	as	well	as	random	diffusion74.	The	mean-squared	displacement	of	an	active	colloidal	particle	exhibits	ballistic	behavior	at	short	times	relative	to	the	time	it	takes	the	particle	to	change	its	orientation;	at	lag	times	longer	than	this	characteristic	reorientation	time,	the	mean-squared	displacement	of	active	particles	is	linear	in	time,	with	an	enhanced	effective	diffusion	coefficient65,67.		The	two-dimensional	mean-squared	displacement	of	an	active	colloidal	particle	with	passive	translational	diffusion	coefficient	D,	propulsion	speed	v,	and	reorientation	time	τ	at	lag	time	t	is	given	by75	Δ𝑟!(𝑡) = 4 𝐷 𝑡 + ! ! 𝑣!𝜏! !!! + exp − !!! −  1 .	 	 	 	 							(3)			 	Active	colloidal	particle	suspensions	have	also	been	used	to	study	dynamic	clustering,	phase	separation76	and	giant	number	fluctuations67,77.	Dynamic	
	 13	






































and	key	binding	dictate	the	degree	of	binding	at	equilibrium	–	i.e.	large	times	–	the	kinetic	pathways	by	which	equilibrium	is	achieved	are	complex,	and	require	that	all	six	reactions	be	resolved.		This	kinetic	complexity	is	a	consequence	of	the	anisotropy	of	the	lock,	and	the	fact	that	it	offers	two	different	binding	states	–	specific	and	nonspecific	–	to	the	diffusing	key.		We	find	that	rate	constants	for	all	six	reactions	shown	on	Fig.	2.1a	are	measurable.			The	relative	frequency	of	the	kinetic	events	shown	in	Figures	2.1a	vary	with	the	concentration	of	depleting	polymer,	and	can	be	quantified	by	analysis	of	the	time	series	of	confocal	microscopy	images.	These	images	are	analyzed	to	yield	the	rate	coefficients	kF-S,	kF-NS,	kNS-S,	kNS-F,	kS-NS,	and	kS-F,	as	defined	below.		Also	measured	were	the	lifetime	distribution	of	specifically	and	nonspecifically	bound	pairs,	the	mean	first	passage	time	for	nonspecific	pairs	to	passage	to	specific	pairs,	and	the	success	probability	for	a	nonspecific	pair	to	transition	to	a	specific	pair.	We	measure	the	number	density	of	locks	and	keys	by	counting	the	lock	and	key	particles	in	each	frame	for	the	complete	image	time	series	and	time-averaging	their	count.	We	then	divide	this	number	by	the	volume	of	the	region,	taken	to	be	𝑉 = 2𝑟! × 𝐴,	where	A	is	the	area	of	the	region,	A	=	(60	µm)2,	and	2rL	=	2.4	µm	is	the	diameter	of	the	lock	particles.	We	also	track	the	different	events	as	they	happen,	and	calculate	the	rates	at	which	the	different	events	occur,	normalized	by	volume.	From	these	measurements,	we	calculate	the	event	rate	coefficients	kF-S,	kF-NS,	kNS-S,	kNS-F,	kS-
NS	,	and	kS-F	according	to	first	and	second	order	reaction	kinetic	processes.		Specifically,	the	following	equations	for	kinetic	rate	constants	were	used:		
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!" !,!,!!" = ∇ ⋅ 𝐃 ℎ,𝜃 exp −! !,!!!! ⋅ ∇exp ! !,!!!! 𝜌 ℎ,𝜃, 𝑡   (7),	where	r	is	the	probability	density	that	the	pair	is	at	position	(h,θ),	W	is	the	potential	of	mean	force	as	a	function	of	(h,θ),	given	by	W(h,θ)=	Φ(h)+Wg(h,θ),	where	Φ(h)	is	the	interaction	potential	between	particles	given	by	a	sum	of	repulsive	electrostatic	and	depletion	attractive	potentials,	Wg(h,θ)	is	the	configurational	contribution	to	the	potential	of	mean	force	associated	with	the	choice	of	coordinates	at	a	given	position	(h,θ),	and	D	is	a	diffusion	tensor	related	to	hydrodynamic	interactions	between	lock	and	key	in	both	the	normal	and	tangential	directions.21	The	Smoluchowski	equation	is	a	particular	case	of	the	more	general	master	equation	for	stochastic	process	description.	The	main	assumptions	of	this	model	are	ergodicity	and	that	the	dispersion	is	dilute	enough	to	prevent	three	or	higher-body	effects.	The	Smoluchowski	equation	can	be	written	as			!" !,!,!!" = −∇ ⋅ 𝐒 ℎ,𝜃, 𝑡   (8),	
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where	S	is	the	probability	current.	Transition	between	NS	to	F	is	taken	in	both	experiments	and	theory	as	the	separation	h=ha,	a	height	at	which	a	gap	between	the	particles	can	be	resolved	in	our	system.	For	our	system	ha	=	372	nm;	it	is	equal	to	the	difference	between	the	largest	lock-key	center-to-center	separation	distance	used	to	define	NS	events,	as	defined	above,	and	the	sum	of	the	lock	and	key	average	radii.		A	transition	from	NS	to	S	is	taken	to	occur	at	an	orientation	θ=α,	with	α	=	0.58	radians,	determined	from	TEM	images,	as	above.	The	boundary	conditions	required	to	solve	equation	(7)	are	absorbing	(probability	sinks)	at	h=ha	and	θ=α.	The	last	absorbing	boundary	condition,	at	θ=α	states	that	we	are	assuming	the	binding	is	fast	once	a	key	finds	its	way	to	this	position.	Previous	work	shows	the	existence	of	a	depletion	energy	barrier	due	to	sharp	edges.22	This	effect	was	found	to	be	minor	in	our	calculations.	The	solution	of	equation	(7)	gives	lifetimes	for	different	events	as	well	as	the	relative	occurrence	of	competing	events,	which	can	be	estimated	from	lifetime	distributions	for	events	starting	in	NS	and	ending	in	state	B	(either	F	or	S),	
wNS-B(t),	as	𝑤!"!! 𝑡 = 𝐒 ℎ,𝜃, 𝑡 ⋅ 𝑑𝐧𝕊!"!!   (9),	where	the	integral	is	over	the	boundary	𝕊!"!! 	between	states	NS	and	B,	and	dn	is	a	unit	vector	normal	to	the	boundary.	The	zeroth	moment	of	wNS-B(t),		𝑃!"!! = 𝑑𝑡 𝑤!"!! 𝑡∞!   (10),	is	the	success	probability,	which	is	the	probability	of	crossing	the	boundary	𝕊!"!! 	before	crossing	any	other	boundary.	The	success	probability	for	a	transition	from	
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NS	to	S	is	noted	here	as	PS.	Normalization	of	wNS-B(t)	by	the	success	probability	yields,	𝑝!"!! 𝑡 = !!"!! !!!"!!   (11),	which	is	the	lifetime	distribution	conditional	to	events	of	the	same	type.	The	first	moment	of	pNS-B(t)	gives	us	the	mean	first	passage	time,	tMFP|NS-B,	of	events	of	this	kind,	given	by	𝑡!"#|!"!! 𝑡 = 𝑑𝑡 𝑡 𝑝!"!! 𝑡∞!   (12).	Alternatively,	the	mean	first	passage	time	for	all	events	leaving	the	NS	state,	tMFP|NS,	is	given	by	𝑡!"#|!" 𝑡 = 𝑑𝑡 𝑡 𝑤!"!! 𝑡 + 𝑤!"!! 𝑡∞!   (13).	The	kinetic	rate	constant	between	two	states	is	then	given	by		𝑘!"!! = !!"!!!!"#|!"   (14).	The	predictions	of	the	analysis	were	confirmed	to	be	accurate	by	direct	Brownian	dynamics	simulations	with	full	hydrodynamic	interactions	using	established	mobility	tensor	for	pairs	of	spheres.23,24	Further	detail	of	the	model	can	be	found	in	recently	published	work.21			
Nonspecific	interaction	potential	determination	The	nonspecific	lock-and-key	interaction	potential	is	the	result	of	the	sum	of	electrostatic	repulsive	potential,	ΦR(h),	and	a	depletion	attractive	potential,	ΦD(h),	as	
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Φ ℎ =Φ! ℎ +Φ! ℎ   (15),	where	the	repulsive	potential	is	described	by	DLVO	theory25	as	
Φ! ℎ = 32𝜋𝜀 !!!!!!!!! !!!! ! tanh !!!!!!! tanh !!!!!!!  exp −𝜅ℎ   (16),	where	dL	and	dK	are	lock	and	key	particle	diameters,	respectively,	e	is	the	solvent	dielectric	permittivity,	kB	is	Boltzmann’s	constant,	T	is	the	absolute	temperature,	e	is	the	elemental	charge,		κ-1	is	the	Debye	screening	length,	and	ζL	and	ζK	are	lock	and	key	particle	zeta	potentials,	respectively.		The	depletion	potential	follows	an	Asakura-Oosawa26	form	as	












We	now	report	the	kinetic	rate	coefficients	for	the	NS-S	reaction,	as	well	as	the	five	others	shown	in	Figure	2.1a,	as	obtained	by	measuring	the	concentration	of	lock	and	key	particles	present	(nL	and	nK,	respectively,	with	units	of	μm-3)	and	the	number	of	nonspecific	and	specific	lock-key	bonds	formed	and	broken	over	the	image	acquisition	time,	as	described	above.	We	predict	the	NS-F	and	NS-S	rate	constants	using	the	diffusion-migration	model	explained	previously	and	computed	using	equation	(14).		We	find	that	as	[PEO]	is	increased	from	0	g/L	to	1.4	g/L,	the	rate	coefficient	for	nonspecific	lock-key	bond	formation,	kF-NS,	remains	roughly	constant	at	kF-NS	=	6.6	±	0.5	mm3/s		(Figure	2.8a).		This	is	expected,	since	this	rate	is	diffusion	controlled	and	a	lock-key	collision	counts	as	a	binding	event	forming	a	nonspecific	“bond,”	which	is	ephemeral,	unless	depletion	is	present	to	slow	breakage	of	this	“bond.”	The	rate	coefficient	for	direct	lock-key	bond	formation,	kF-S,	likewise	remains	constant	for	polymer	concentrations	ranging	from	0	g/L	to	1.2	g/L	at	a	value	of	0.67	±	0.12	mm3/s.		These	rate	constants	do	not	change	with	polymer	concentration	because	the	rate	of	these	events	depends	on	the	collisional	dynamics	of	the	lock	and	keys,	which	for	a	short	range	potential	studied	here,	is	independent	of	potential	strength.	Free	lock	and	key	particles	may	collide	with	each	other	at	the	spherical	surface	of	the	lock	or	at	the	dimple	of	the	lock	particle,	which	has	an	angle	of	aperture	a,	and	thus	occupies	a	fraction	𝑓 =  (1− cos𝛼) 2	of	the	lock	surface	area.		The	Smoluchowski	collision	rate	between	two	spheres	of	unequal	size	rL	and	
rK	is	given	by	𝑘 =  2𝑘!𝑇 1 𝑟! +  1 𝑟! 𝑟! + 𝑟! 3𝜇.25	Here,	kB	is	Boltzmann’s	
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While	we	can	measure	the	rate	constants	for	breaking	a	lock-key	specific	bond,	shown	in	Figure	2.8c,	either	to	form	a	free	pair	or	a	nonspecifically	bound	one,	a	theoretical	estimation	of	these	rates	would	require	intimate	knowledge	of	both	the	3-dimensional	dependence	of	potential	energy	for	the	key	in	the	pocket	and	hydrodynamic	interactions	for	this	geometry,	which	is	not	readily	available.	One	thing	to	notice	at	this	point	is	the	fact	that	details	of	the	shape	of	the	lock	pocket	are	not	required	to	explain	kinetic	events	in	the	direction	of	NS	to	S.	This	insensitivity	is	due	to	the	nature	of	NS-S	binding	which	is	the	result	of	diffusion	of	a	key	on	the	surface	of	the	lock	until	the	lip	of	the	pocket	is	found,	after	which	binding	occurs	faster	than	surface	diffusion	and	the	binding	rate	is	not	sensitive	to	the	geometric	details	and	complex	hydrodynamics	as	the	key	enters	into	the	pocket.	The	reverse	process	of	escape	from	the	pocket	(ie.	from	S	to	NS),	however,	involves	more	crucially	the	non-spherical	shape	of	this	pocket,	the	modeling	of	which	is	beyond	the	scope	of	this	work.		Rate	constants	determined	from	transient	experiments	as	explored	here	are	related	to	the	equilibrium	behavior	of	the	reactions	involved.	In	particular	we	can	relate	kinetic	rate	constants	to	equilibrium	constants,	and	obtain	the	equilibrium	free	energy	difference	between	the	nonspecific	and	specific	lock-key	bond	from	the	kinetics.		At	equilibrium,	association	and	disassociation	rates	between	free,	nonspecific	and	specific	rates	are	equal.	This	yields	the	relations		𝑘!!!" 𝑛! 𝑛! = 𝑘!"!!  𝑛!"   18 	,	𝑘!!! 𝑛! 𝑛! = 𝑘!!!  𝑛!   (19)	,	and	
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µm-3.		This	implies	that,	had	we	chosen	the	same	reference	concentration	as	in	our	previous	work,	the	free	energies	in	this	work	would	be	shifted	up	by	3.6	kBT	–	6	kBT,	given	by	the	ratio	of	reference	concentrations.		We	compare	the	free	energy	of	specific	bond	formation	at	1.5	mM	NaCl	and	0.8	g/L	extracted	in	past	work26	to	the	free	energy	of	specific	bond	formation	at	those	conditions	from	the	experiments	presented	in	this	paper	(1.5	mM,	0.8	g/L,	δ	=	1.1).	From	Figure	2.9	in	Chapter	2	and,	using	 Δ𝐹! =  Δ𝐹!!!" +  Δ𝐹!"!!,	we	find	Δ𝐹! = 1.7 𝑘!𝑇	in	our	previous	work	for	a	shift	up	of	~1.5	kBT	for	values	reported	here	at	the	same	condition.	Experimental	errors	discussed	in	the	previous	chapter	could	potentially	explain	this	deviation.	
Nonspecific	pair	potential	energy	calculation		 We	plot	the	fractional	occupation	of	locks	𝜃!"  and	the	free	energy	of	lock-key	bond	formation	∆𝐹!versus	the	non-specific	binding	energy	Eb.	The	nonspecific	binding	energy	Eb	is	defined	as	the	absolute	value	of	the	minimum	of	the	total	nonspecific	interaction	potential,	which	is	given	by	the	sum	of	the	contributions	by	the	depletion	interaction	and	the	electrostatic	interaction	between	two	spheres.	We	do	not	include	van	der	Waals	interactions	because	we	use	Pluronic	F108	in	our	system	as	a	steric	stabilizer,	which	keeps	the	particles	separated	by	distances	at	which	attractive	van	der	Waals	forces	are	small.	We	use	the	Asakura-Oosawa	
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available	lock	occupation	at	[PEO]	=	1.2	g/L.	For	1.5	mM	and	2.0	mM	NaCl,	fractional	occupation	values	saturate	after	[PEO]	=	0.8	g/L	to	approximately	60%	occupied	available	locks	for	1.5	mM	NaCl,	and	approximately	75%	for	2.0	mM	NaCl.		A	small	number	of	multiparticle	clusters	were	observed	at	[PEO]	greater	than	0.8	g/L	for	1.5	mM	and	2.0	mM	NaCl	conditions.		Moreover,	at	2.0	mM	NaCl	and	1.2	g/L,	clustering	of	locks	and	keys	prevented	measurement	of	the	number	of	bound	lock-key	complexes.	The	fractional	occupancy	of	locks	is	a	strong	function	of	the	relative	size	of	the	key	and	dimple.		In	Fig.	3.6a,	we	plot	the	fractional	occupation	(𝜃!")	as	a	function	of	nonspecific	binding	energy	βENS	for	all	five	different	key-to-dimple	size	ratios	δ	and	[PEO]	probed	for	the	particular	case	of	1.5	mM	NaCl	(See	Figure	3.9a	and	3.9b	for	[NaCl]	=	1.0	mM	and	2.0	mM	data).		Data	for	all	five	different	δ	indicate	an	increase	in	fractional	occupation	number	with	increasing	nonspecific	binding	energy.	For	δ	smaller	than	or	equal	to	0.9,	we	observe	that	maximum	𝜃!" 	exceeds	0.5	for	nonspecific	binding	energies	below	kBT.		That	is,	the	enhanced	depletion	generated	by	the	concave	shape	of	the	dimple	generates	strong	binding	when	the	convex	binding	interaction	is	still	well	below	the	thermal	energy.				Suspensions	with	δ	=	0.5,	corresponding	to	1.0	µm	keys,	yield	𝜃!" 	below	0.11	for	all	nonspecific	binding	energies	probed	except	for	ENS	=	0.9	kBT,	which	yields	𝜃!" = 0.68.	Lock-key	particle	suspensions	with	δ	=	0.7	and	δ	=	0.9,	corresponding	to	key	particles	with	size	1.4	µm	and	1.75	µm	respectively,	are	the	most	effective	binders,	showing	increasing	fractional	occupation	of	available	locks	with	increasing	
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nonspecific	binding	energy,	and	achieving	the	largest	values	of	fractional	occupation	of	all	five	different	δ.	For	δ	=	0.7,	the	largest	fractional	occupation	value	observed	was	𝜃!" = 0.83	for	βENS	=	0.81.	For	δ	=	0.9,	𝜃!" = 0.64	was	measured	at	βENS	=	0.78.	Lock-key	particle	suspensions	with	δ	=	1.0,	corresponding	to	a	key	size	of	1.9	µm,	show	an	increase	in	fractional	occupation	number	from	𝜃!" = 0.012	for	βENS	=	0.45	to	approximately	21%	for	βENS	=	1.2.	For	δ	=	1.1,	fractional	occupation	of	𝜃!" = 0.55	is	achieved	when	βENS	=	1.74.	Lock-key	binding	for	δ	=	1.0	is	the	least	favored	of	all	size	ratios,	with	fractional	occupations	equal	to	or	below 𝜃!" = 0.21	for	all	nonspecific	binding	energies	probed.		Figure	3.6a	therefore	shows	a	complex	dependence	of	binding	on	both	the	nonspecific	binding	energy	and	the	pocket	to	key	ratio.	 Figure	3.6b	plots	the	free	energy	of	formation	of	specific	lock-key	bonds,	ΔFo,	versus	nonspecific	binding	energy	for	all	five	different	δ	at	1.5	mM	NaCl	(See	Figure	3.10a	and	3.10b	for	[NaCl]	=	1.0	mM	and	2.0	mM	data),	using	equations	(1)	and	(2)	to	calculate	free	energies	from	measured	particle	numbers.	In	this	plot,	positive	free	energies	(Keq	>	1)	indicate	that	specific	lock-key	bond	formation	is	not	favored,	whereas	negative	free	energies	(Keq	<	1)	indicate	specific	lock-key	pair	formation	is	favored.	Consistent	with	the	fractional	occupation	data,	key-to-dimple	size	ratios	of	δ	=	0.7	and	δ	=	0.9	show	the	most	favorable	binding	free	energies.	For	these	two	size	ratios,	the	free	energy	becomes	negative	at	nonspecific	binding	energies	that	are	lower	than	those	of	the	other	size	ratios.		For	δ	=	0.7,	the	free	energy	of	formation	of	lock-key	bonds	decreases	from	βΔFo	=	0.13	to	-1.84	as	the	nonspecific	binding	
	 79	


























Particle	 Material	 2RK(µm)	±	σ	 ϕ	(volume	fraction)	 Zeta	potential	(mV)	 δ	=	Rkey/Rdimple	 Dyed	1.0	mM	 1.5	mM	 2.0		mM	 	 	
Lock	1	 TPM	 2.38	±	0.17		 9.5	x	10-5	 -74	 -80	 -78	 --		 RBITC	
Key	1	 Sulfate	PS	 1.00	±	0.03	 2.0	x	10-4	 -86	 -79	 -76	 0.5	±	0.1	 Yellow-Green	Key	2	 Sulfate	PS	 1.40	±	0.05	 2.0	x	10-4	 -73	 -86	 -84	 0.7	±	0.1	 undyed	
Key	3	 Carboxylated	PS	 1.75	±	0.05	 2.7	x	10-4	 -98	 -91	 -96	 0.9	±	0.2	 Yellow-Green	
Key	4	 Carboxylated	PS	 1.90	±	0.09	 2.1	x	10-4	 -66	 -70	 -65	 1.0	±	0.2	 undyed	








































































	 Images	from	each	channel	were	independently	analyzed	using	the	ImageJ/Fiji	plugin	Mosaic	Particle	Tracker27,	which	finds	individual	particle	centroids	in	each	frame	and	links	their	trajectories	using	an	algorithm	based	on	the	Crocker	&	Grier	particle	tracking	algorithm28.		Individual	particle	trajectories	are	input	to	the	freely	available	TRACKPY	code29	to	obtain	the	mean	squared	displacements	of	the	large	particles.		For	each	image	series,	more	than	200	trajectories	were	typically	analyzed.		Individual	large	particle	mean	squared	displacements	are	averaged	to	generate	the	ensemble	average	at	a	given	experimental	condition,	for	each	sample	(N=3	replicates	per	experimental	condition).		The	ensemble	average	of	the	large	particle	mean-squared	displacements	is	fitted	to	the	single-particle	active	motion	model,	as	explained	below,		using	weighted	non-linear	least	squares	fitting	using	Matlab	curve	fitting	software.		We	extract	three	fitting	parameters	from	our	data:		the	propulsion	speed	v,	the	diffusion	coefficient	D,	and	the	characteristic	reorientation	time	τ.		To	perform	weighted	fitting,	we	consider	the	weight	to	each	data	point	i,	corresponding	to	a	particular	lag	time,	to	be	given	by	the	standard	error	of	the	mean	𝜎!! = !!!	.	Here	σi	is	the	standard	deviation	of	the	mean	value	of	the	data	and	N	is	the	number	of	points	averaged	to	obtain	the	mean-squared	displacement	at	that	lag	time.			
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Nearest	neighbor	and	velocity	analysis	We	observe	that	during	their	trajectories,	large	particles	have	varying	numbers	of	small	particle	neighbors	(see	below).	Using	custom-written	Python	code,	we	obtain	cross-particle	pair	correlation	functions,	which	allow	us	to	obtain	a	nearest-neighbor	distance	cutoff	and,	subsequently,	a	nearest-neighbor	distribution	of	small	particles	around	a	large	particle.	We	compute	the	cross-particle	pair	correlation	functions	for	large	and	small	particles,	gLS(r)	for	all	applied	potential	differences	at	frequency	1	kHz,	averaged	for	all	three	samples	at	each	condition.	Using	a	cutoff	distance	extracted	from	the	cross-particle	pair	correlation	functions,	we	segment	the	trajectories	of	the	larger	particles	by	the	number	of	small	neighboring	particles	to	investigate	the	effect	of	number	of	neighbors	on	the	short-time	ballistic	motion	of	the	large	particles.	Neighbor-dependent	propulsion	speeds	are	obtained	by	fitting	a	parabola	to	the	average	mean-squared	displacement	plots	at	short	times	(≤	1.2	seconds),	considering	from	N	=	0	to	N	=	5	small	particle	neighbors.			
Results	and	Discussion		On	Figure	4.1,	we	show	a	typical	trajectory	for	a	1.75	µm	carboxylated	polystyrene	bead	in	0.125	mM	NaCl.	This	particle	exhibits	Brownian	diffusion,	evidenced	by	the	randomly-directed	displacements	of	the	particle	from	frame	to	frame.	The	mean-squared	displacement	of	a	Brownian	particle	of	radius	R	diffusing	in	two	dimensions	is	given	by ∆𝑟!(𝑡) = 4 𝐷 𝑡,	where	D	is	the	translational	
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diffusion	coefficient	of	the	particle,	given	by	𝐷 =  𝑘!𝑇 6𝜋𝜂𝑅, kB	is	Boltzmann’s	constant,	T	is	absolute	temperature,	η	is	the	fluid	viscosity,	and	t	is	the	lag	time	between	particle	positions.		On	Figure	4.2,	we	show	a	series	of	images	of	a	binary	colloidal	suspension	made	of	1.75	µm	(green)	and	1	µm	(red)	carboxylated	polystyrene	beads	under	the	effect	of	an	alternating	current	electric	field	with	peak-to-peak	voltage	of	20	V	and	frequency	of	oscillation	equal	to	f	=	1.0	kHz.	By	comparing	Figure	4.1	and	Figure	4.2,	it	is	apparent	the	trajectory	of	the	large,	green	particle	in	the	AC	electric	field	is	qualitatively	different	than	that	of	a	passively	diffusing	particle.	The	trajectory	of	this	particle	is	comprised	of	intervals	of	directed	motion;	the	trajectory	of	the	large	particle	appears	to	be	influenced	by	the	presence	of	small	1	µm	particles	in	close	proximity	to	it.		Active	colloidal	particles,	in	addition	to	being	influenced	by	the	thermal	fluctuations	of	the	medium	surrounding	them,	transform	energy	acquired	from	their	environment	into	kinetic	energy.		An	active	particle	moving	with	speed	v	still	undergoes	changes	in	orientation	due	to	rotational	diffusion30.	The	two-dimensional	mean-squared	displacement	of	a	particle	with	Brownian	translational	diffusion	coefficient	D,	propulsion	speed	v,	and	characteristic	reorientation	time	τ	is	given	by	
∆𝑟!(𝑡) = 4 𝐷 𝑡 + !!  𝑣!𝜏! ! ! ! + 𝑒!!!! − 1 .	 	 	 	 	 (1)	This	expression	also	describes	the	two-dimensional	mean	square	displacement	of	run-and-tumble	particles	that	swim	with	constant	speed	v	and	suddenly	change	
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Figure	4.2	Trajectory	of	a	1.75	µm	polystyrene	bead	driven	by	20	V	at	1	kHz.	Scale	bars:	5	µm.	Time	between	frames:	1.33	s.	The	trajectory	of	this	particle	is	markedly	different	than	that	of	passive	Brownian	particles.			 	
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Figure	4.3	Ensemble	average	of	all	large	particle	trajectories’	mean-squared	displacements	of	large	particles	at	20	V,	1	kHz	applied	electric	field.	The	experimental	data	(blue	open	circles)	is	fit	by	the	mean-squared	displacement	for	an	active	particle	propelling	with	speed	v,	diffusion	coefficient	D	and	characteristic	reorientation	time	τ	(equation	(1)),	shown	here	as	a	red	line.	We	show	the	mean-squared	displacement	data	plotted	every	four	data	points	for	clarity	purposes.	The	inset	plot	shows	the	short	time	ensemble	mean-squared	displacement,	displaying	ballistic	behavior,	fit	by	equation	(2).	The	dashed	gray	line	is	the	fit	to	the	long-time	mean-squared	displacement	data	obtained	from	fitting	equation	(3)	to	the	long	time	mean-squared	displacement,	which	exhibits	linear	behavior.		 	
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Figure	4.4	Ensemble	average	of	all	large	particle	trajectories’	mean-squared	displacements	of	large	particles	at	(a)	10	V,	1	kHz	applied	electric	field,	and	(b)	15V,	1kHz	applied	electric	field.	In	both	panels,	experimental	data	is	represented	by	blue	open	circles	and	fits	to	the	active	motion	model	mean-squared	displacement,	equation	(1),	are	shown	in	as	a	red	line.			 	
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Figure	4.5	Panel	(a)	shows	the	percent	difference	between	experimental	mean-squared	displacement	and	the	active	motion	fit	for	MSD	(equation	(1)),	shown	as	blue	circles,	and	Brownian	motion	(red	squares)	for	a	peak-to-peak	voltage	of	20	V	and	frequency	of	oscillation	f	=	1	kHz.	Panel	(b)	shows	the	same	for	10	V	and	2	kHz.	 	
	 140	
	
	 141	
Figure	4.6	Fitted	parameters	extracted	from	mean-squared	displacement	model.	On	panel	(a)	we	plot	the	ensemble	average	propulsion	speed	of	large	particles	as	a	function	of	applied	frequency	for	all	three	different	applied	voltages.	The	dotted	lines	is	the	value	of	the	propulsion	speed	of	a	Janus	particle	in	2%	H2O2	solution,	per	Howse	et	al.10.	On	panel	(b),	we	plot	the	characteristic	reorientation	time.	The	dotted	line	is	the	characteristic	time	of	rotational	diffusion,	τr,	for	the	1.75	µm	polystyrene	beads.	Panel	(c)	is	a	plot	of	the	effective	diffusion	coefficient	Deff	obtained	via	two	different	methods.	Open	symbols	denote	Deff	values	obtained	by	using	the	values	of	D,	v,	and	τ	obtained	from	fitting	the	data	to	equation	(1).	Closed	symbols	denote	Deff	obtained	from	fitting	the	long-time	mean-squared	displacements	to	equation	(3).	The	dotted	line	is	the	Brownian	diffusion	coefficient	for	1.75	µm	polystyrene	beads.	On	panels	a	thru	c,	data	for	10	V	is	plotted	as	solid	blue	circles,	15	V	as	solid	red	squares,	and	for	20V,	solid	green	triangles.		On	panel	c,	solid	symbols	denote	Deff	obtained	from	fitting	parameters	of	equation	(1);	open	data	symbols	(pink	circles	for	10	V,	orange	squares	for	15	V,	and	purple	triangles	for	20	V)	denote	Deff	obtained	from	long-time	mean-squared	displacement	fits.		 	
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Figure	4.7	Entrainment	of	small	particles	by	large	particles.		Panels	(a)-(c),	(d)-(f),	and	(g)-(i)	show	three	different	large	particle	trajectories,	respectively.	On	all	panels,	solid	yellow	lines	indicate	where	the	tracked	particle	has	been,	and	white	dashed	lines	indicate	the	particles’	future	trajectories.	The	time	interval	between	all	frames	is	4	s.	Solid	yellow	and	dashed	white	line	trajectories	are	plotted	for	a	total	of	16	s.	In	these	panels,	it	can	be	seen	that	the	number	of	small	particle	neighbors	surrounding	a	large	particle	is	not	constant	in	time.	Arrows	indicate	the	location	of	the	small	particles	surrounding	the	large	beads.		 	
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Figure	4.8	Small-large	particle	pair	correlation	function	and	nearest	neighbor	distributions:	On	panel	(a)	we	show	the	pair	correlation	function	at		10	V	(blue	circles),	15	V	(red	triangles),	and	20	V	(green	squares)	at	f	=	1	kHz.	The	dashed	grey	vertical	line	represent	the	cutoff	used	to	obtain	the	nearest	neighbor	distribution	of	small	particles	surrounding	large	particles	shown	in	panel	(b).	Colors	in	panel	(b)	are	the	same	as	(a).	 	
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Figure	4.9	On	panel	(a)	we	plot	the	short-time	mean-squared	displacement	of	large	particles	as	a	function	of	how	many	small	particle	neighbors	N	surround	them	for	a	peak-to-peak	voltage	of	20	V	and	a	driving	frequency	f	=	1	kHz.	(N	=	0:	small	blue	circles,	N	=	1:	red	squares,	N	=	2:	green	up-facing	triangles,	N	=	3:	purple	down-facing	triangles,	N	=	4:	orange	diamonds,	N	=	5:	large	black	circles).	On	panel	(b)	we	plot	the	propulsion	speeds	extracted	from	fitting	short-time	mean-squared	displacements	for	10	V	(blue	circles),	15	V	(red	squares),	and	20	V	(green	triangles)	at	f	=	1	kHz.			 	
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Chapter	5 	
Conclusions	and	Future	Directions	
	Binding	kinetics	and	equilibrium	thermodynamics	measurements	of	anisotropic	colloidal	systems	In	Chapter	2,	we	used	confocal	microscopy	and	particle	tracking	methods	to	study	the	kinetics	of	formation	of	lock-key	dumbbells	due	to	depletion	interactions.	The	interaction	potential	between	lock	and	key	particles	is	a	function	of	distance	and	relative	orientation	of	key	with	respect	to	the	lock	dimple.	This	anisotropy	leads	to	there	being	two	possible	configurations	of	lock	and	key	colloids	at	contact:	a	key	particle	may	be	bound	at	the	spherical	surface	of	the	lock	or	it	could	be	bound	at	its	dimple.	We	were	able	to	distinguish	between	the	two	different	particle	configurations	using	the	bond	length	distribution	between	lock	and	key	centers,	since	the	distance	between	lock	and	key	centroids	when	the	key	is	inside	the	lock	dimple	is	smaller	than	the	sum	of	the	two	particle	radii,	which	is	the	distance	between	centroids	when	the	particles	are	nonspecifically	bound	to	each	other.	Our	experimental	results	showed	that	lock-key	dumbbells	are	formed	by	direct	diffusion	of	the	key	into	the	lock	dimple	from	bulk,	or	from	the	surface	diffusion	of	key	particles	from	the	spherical	surface	of	the	lock	particle	to	its	dimple	via	a	surface	diffusion	mechanism.1		
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We	quantified	the	kinetic	rate	constants	of	all	six	different	pathways	in	the	interaction.	Lock	and	key	colloids	may	be	free	(unbound),	bound	to	each	other	nonspecifically	or	specifically	bound.	Locks	and	keys	may	bind	to	each	other	from	bulk,	and	unbind	to	bulk,	or	they	may	go	from	being	nonspecific	to	specifically	bound.	We	treat	all	binding	in	the	system	as	reversible.	We	find	that	the	rate	of	nonspecific	to	specific	binding	is	independent	of	depleting	polymer	concentration.	The	rate	of	unbinding	from	the	nonspecific	binding	state	decreases	as	the	depletant	concentration	increases.	The	impact	that	this	has	on	assembly	is	that,	as	keys	are	more	strongly	bound	to	the	surface,	the	more	time	a	key	particle	is	likely	to	be	bound	to	the	surface	of	the	lock.	This,	combined	with	the	constant	NS	–	S	kinetic	rate	constant,	implies	more	nonspecifically	bound	keys	will	make	it	to	the	specific	binding	configuration	at	the	lock	dimple	as	the	depletant	concentration	increases.	We	measure	the	success	probability	for	NS-S	binding,	that	is,	the	conditional	probability	that	once	a	key	is	nonspecifically	bound	to	the	lock	surface	it	will	successfully	bind	to	the	lock	dimple,	and	find	that,	indeed,	the	success	probability	increases	as	the	depletion	interaction	increases.		Subsequent	simulation	and	modeling	work2	studied	the	effect	that	nonspecific	binding	energy	would	have	on	the	formation	of	specific	bonds	from	a	nonspecific	binding	configuration	as	a	function	of	key	to	dimple	size	ratio.	Simulations	found	that	the	kinetic	rate	of	NS	–	S	binding	depends	on	the	key	to	dimple	size	ratio,	and	so	does	the	free	energy	of	NS	–	S.		The	threshold	nonspecific	binding	energy,	defined	as	the	nonspecific	binding	energy	between	locks	and	keys	
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where	formation	of	nonspecific	and	specific	bonds	is	equally	likely,	is	minimized	for	keys	slightly	smaller	than	the	lock	dimple	cavity	size.	This	threshold	nonspecific	energy	is	an	asymmetric	function	of	key	to	dimple	size	ratio:	if	the	key-to-dimple	size	ratio	is	reduced	by	ε	from	the	aforementioned	optimum	value,	the	threshold	NS	binding	energy	increases	by	less	than	if	the	key-to-dimple	size	ratio	is	increased	by	the	same	ε.	When	there	is	good	shape	recognition	between	the	key	and	the	lock	dimple	surfaces,	specific	binding	is	favored	over	nonspecific	binding	at	lower	interaction	strengths,	i.e.	lower	depleting	polymer	concentrations.		In	Chapter	3,	we	studied	the	effect	that	the	key-to-dimple	size	ratio	has	on	the	free	energy	of	formation	of	specific	bonds.	Our	experimental	results	were	consistent	with	the	above-mentioned	modeling	and	simulation	work	where	keys	smaller	than	the	dimple	cavity	size	formed	specific	bonds	more	readily	that	keys	that	were	much	smaller	(less	than	70%)	or	of	equal	or	larger	size	than	the	dimple.	If	the	size	mismatch	between	lock	dimple	and	keys	is	too	small,	the	specific	binding	interaction	energy	is	not	large	enough	to	overcome	the	loss	of	entropy	of	the	key	particle.	When	a	key	binds	to	the	lock	dimple,	it	loses	configurational	degrees	of	freedom,	since	it	cannot	explore	configurations	around	the	bulk	volume.	Entropy,	however,	penalizes	a	perfect	key-dimple	fit:	when	a	key	particle	and	the	dimple	perfectly	match	each	other,	the	key	particle	has	restricted	configurational	phase	space	to	explore	within	the	dimple	since	it	cannot	move	within	it.	As	the	key	to	dimple	size	ratio	increases	from	one,	the	convex,	circular	shape	of	the	key	is	in	less	contact	with	the	concave	dimple,	and	gains	more	contact	with	the	convex	rim	of	the	
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lock	dimple,	which	is	not	of	negligible	curvature.		In	fact,	we	performed	our	experiments	by	rotating	the	samples	to	eliminate	the	effect	that	lock	dimple	binding	to	the	glass	substrate	of	our	capillaries	would	have	on	our	experiments,	since	this	is	not	a	negligible	interaction:	it	is	as	if	a	toroid	of	curvature	given	by	the	lock	lip	radius	was	in	contact	with	a	flat	plate	in	the	presence	of	depletants.		Our	experimental	approach,	where	particles	are	allowed	to	assemble	and	then	a	bond	length	distribution	or	pair	distribution	function	is	used	to	distinguish	one	spatial	configuration	state	from	the	other,	coupled	with	diffusion-migration	modeling,	can	be	extended	to	other	systems,	such	as	Janus	particles	or	other	types	of	patchy	colloids3,	or	to	the	binding	of	keys	to	locks	with	multiple	cavities4	to	explore	the	kinetics	of	self-assembly	of	anisotropic	particle	systems.	It	would	be	interesting	to	study	how	the	lock	rim	geometry	affects	binding;	locks	with	a	perfectly	circular	cavity	have	been	synthesized5,	and	it	would	be	interesting	to	see	what	effect	the	sharp	rim6	has	on	the	formation	of	specific	bonds	via	the	surface	diffusion	mechanism	described	on	Chapter	21.		Our	work	on	the	free	energies	of	formation	of	specific	locks	enables	the	experimental	study	of	the	rational	design	of	lock-key	assemblies,	which	have	been	shown	to	exhibit	exciting	symmetries7,8.	Modeling	work	performed	to	this	end	suggests	that	interactions	should	be	as	nonspecific	as	possible	while	promoting	specific	binding	assembly2,	consistent	with	studies	on	the	self-assembly	of	protein	crystals9.	
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Simulations	of	assemblies	of	reconfigurable	lock-key	colloidal	molecules7,8	suggest	the	formation	of	many	exciting	crystalline	phases,	depending	on	lock-key	size	ratios,	the	bond	length	between	the	particles,	and	the	type	of	lock-key	colloidal	molecules	formed.	As	first	presented	by	Sacanna	et	al.10,	lock-key	colloids	may	form	different	colloidal	molecules	based	on	the	number	of	locks	that	dock	around	a	central	spherical	key.	To	experimentally	realize	predicted	lock-key	crystalline	assemblies,	it	would	be	useful	to	study	the	effect	that	changing	particle	ratios	would	have	on	the	formation	of	different	types	of	lock-key	colloidal	molecules,	as	well	as	the	effect	of	changing	overall	particle	concentration.	A	strategy	that	could	be	used	to	promote	the	formation	of	lock-key	bonds	is	to	apply	electric	fields,	as	recently	shown	by	Kamp	et	al.11	Another	experimental	possibility	is	to	work	with	lock	and	key	colloids	in	organic	solvents.	An	experimental	procedure	to	transfer	3-trimethoxysilylpropyl	methacrylate	colloidal	particles	from	aqueous	solvents	to	apolar	solvents	has	already	been	developed12,	and	would	enable	refractive	index	and	density	matching	of	the	suspensions,	and	use	of	polystyrene	polymer	as	depletant.	This	could	lead	to	studies	of	lock-key	colloidal	structure	formation	that	are	free	from	the	effect	of	sedimentation.	We	performed	a	few	experiments	at	higher	overall	particle	concentrations	using	one	of	the	two	best	binding	lock-key	pairs	in	our	experiments	(key	to	dimple	size	ratio	δ	=	0.9)	made	of	1.75	µm	polystyrene	keys	and	2.4	µm	lock	particles.	On	Figure	5.1,	we	show	a	binary	colloidal	gel	of	lock	and	key	particles	prepared	at	a	3:1	lock-to-key	number	ratio	at	0.1	mM	NaCl	and	1.0	g/L	polyethylene	oxide	(Mv	=	
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600,00	g/mol).	The	total	particle	concentration	in	this	suspension	was	less	than	30%	volume	fraction.	The	structures	shown	in	this	image	merit	further	study:	recent	simulation	work	predicts	the	formation	of	empty	liquids	of	colloidal	dimpled	particles13.	Does	the	structure	shown	in	Figure	5.1	have	regions	where	empty	liquids	are	present?	How	does	the	presence	of	keys	affect	the	formation	of	that	phase?	On	Figure	5.2,	we	show	a	colloidal	suspension	of	locks	and	keys	with	key-to-dimple	size	ratio	δ	=	0.9	that	has	been	tilted	at	a	slight	angle	with	respect	to	the	horizontal	and	allowed	to	assemble	overnight	at	1.0	mM	NaCl	and	1.0	g/L	PEO,	showing	the	suitability	of	using	gravitational	fields	to	crystallize	lock-key	colloids14,	and	study	the	effect	of	packing	fraction	on	lock-key	colloidal	assembly.	Both	Figure	5.1	and	5.2	are	examples	of	potential	further	experiments	that	can	be	conducted	toward	the	self-assembly	of	lock-key	colloidal	structures.	Moreover,	the	abundance	of	lock-key	bonds	observed	in	these	images	for	this	particular	pair	of	binders	indicates	experimental	agreement	of	the	the	suitability	of	lock-key	pairs	with	key	to	dimple	size	ratio	slightly	below	one	for	increasing	the	yield	of	specific	lock-key	bonds.			
Binary	suspensions	in	perpendicular	AC	electric	fields		In	Chapter	4,	we	presented	experimental	evidence	of	propulsion	of	particles	in	binary	colloidal	systems	under	the	action	of	a	perpendicular	alternating	current	electric	field.	We	used	carboxylate	polystyrene	particles	of	different	sizes,	and	observed	that	large	particles	propel	while	accompanied	by	one	or	more	small	
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particles	surrounding	them.	The	reason	why	particles	propel	is	due	to	unbalanced	electrohydrodynamic	flow,	which	arises	in	the	system	as	the	dipole	fields	of	the	particles	perturb	the	concentration	polarization	layer	that	forms	over	the	electrodes	in	the	system.	In	our	work,	we	observed	that	we	could	obtain	enhancements	to	the	large	particle	diffusion	coefficient	of	up	to	fifteen	times	the	diffusion	coefficient	due	to	Brownian	motion.	We	found	that	particle	velocities	increase	with	increasing	applied	peak-to-peak	voltage	and	with	decreasing	oscillation	frequency.	Small-large	particle	nearest-neighbor	analysis	enabled	us	to	determine	that	large	particles	associated	with	two	or	three	small	particle	neighbors	has	the	fastest	short-time	propulsion	speeds	for	three	different	peak-to-peak	voltages	at	constant	frequency	of	oscillation.		By	definition,	active	Brownian	particles	have	reorientation	times	given	by	the	inverse	of	their	rotational	diffusion	coefficient.	It	would	be	interesting	to	study	the	rotation	rates	of	the	particles	as	they	are	acted	upon	by	the	electrohydrodynamic	flow.	Anisotropic	particles	such	as	dimpled	colloids	might	be	promising	candidates	for	generating	more	enhanced	directed	motion	via	this	mechanism.	In	an	electric	field,	lock	particles	align	their	dimple	perpendicularly	to	the	direction	of	the	field,	since	this	minimizes	the	interaction	energy	between	the	field	and	the	particle’s	dipole11.	This	could	have	an	effect	of	slowing	down	the	rotational	diffusion	of	a	lock	particle	in	low-frequency	AC	electric	fields	like	the	ones	we	have	used	in	our	experiments,	which	would	have	the	effect	of	increasing	the	ballistic	motion	regime	of	the	particles	–	it	would	result	in	larger	effective	diffusivities.		
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Work	by	Ma	et	al.15	established	that	one	can	change	the	propulsion	speeds	of	colloidal	dimers	by	changing	the	zeta	potential	of	the	particles	or	their	composition.	Apart	from	using	carboxylated	polystyrene	particles,	we	also	made	a	suspension	with	3-trimethoxysilyl	lock	colloids	and	sulfate	polystyrene	spheres.	On	Figure	5.3,	we	show	an	image	of	a	suspension	of	colloidal	lock	particles	and	sulfate	polystyrene	spheres	driven	at	a	frequency	of	1	kHz	at	a	20	V	peak	to	peak	voltage	over	a	gap	of	h	=	250	µm.	Since	the	lock	particles	can	be	imaged	using	confocal	laser	scanning	microscopy,	we	tracked	their	motion.	On	Figure	5.4,	we	show	the	self-part	of	the	van	Hove	correlation	function	for	a	suspension	of	locks	and	PS	particles	that	was	driven	at	a	peak-to-peak	voltage	of	20	V,	and	where	the	frequency	was	swept	from	10	kHz	to	1	kHz	as	the	sample	was	imaged.	Figure	5.4	shows	exciting	dynamic	behavior:	we	observe	that	the	self-part	of	the	van	Hove	correlation	functions	show	broad	shoulders	uncharacteristic	of	Brownian	motion.	The	self-part	of	the	van	Hove	correlation	function	quantifies	the	likelihood	of	given	particle	displacements	for	fixed	lag	times.	These	results	suggests	it	may	be	fruitful	to	investigate	particle	dynamics	in	these	systems	in	more	detail	by,	for	example,	changing	the	electrolyte	used,	using	different	particle	combinations,	and	changing	the	amplitude	and	frequency	of	the	applied	electric	field.	The	use	of	anisotropic	particles,	such	as	lock	colloids,	seems	promising	too,	since	anisotropic	particles	can	exhibit	preferred	orientational	configurations	in	electric	fields16-18,		which,	combined	with	unbalanced	electrohydrodynamic	flow,	might	lead	to	higher	propulsion	velocities	due	to	reduced	rotational	motion	of	the	lock	particles	in	the	field.	
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!	In	this	dissertation,	we	have	found	that	anisotropic	lock-and-key	colloids	may	form	specific	bonds	via	diffusion	from	bulk	or	a	surface-diffusion	mechanism	that	allows	keys	particle	to	diffuse	to	the	lock	dimple.	We	have	also	found	that	specific	binding	is	favored	for	lock-key	particle	combinations	where	the	key	size	is	smaller	than	the	lock	dimple,	in	agreement	with	existing	simulation	work.	The	research	that	we	have	done	regarding	lock-and-key	binding	may	be	extended	to	study	the	kinetics	and	thermodynamic	behavior	other	anisotropic	particle	systems,	such	as	Janus	particles,	where	different	binding	states	can	be	easily	identified	via	optical	microscopy	and	particle	tracking	methods.		We	have	also	investigated	and	characterized	active	motion	in	binary	colloidal	suspensions	acted	upon	by	an	oscillating	perpendicular	electric	field.	To	the	best	of	our	knowledge,	this	is	the	first	active	colloidal	particle	system	studied	where	the	propelling	particles	are	not	modified	to	be	anisotropic	but	active	motion	is	generated	by	the	proximity	of	two	different	isotropic	colloidal	spheres	via	electrohydrodynamic	flow.	This	system	may	lend	itself	to	further	study	of	collective	active	motion,	such	as	phase	separation	and	dynamic	clustering	studies.	
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Figure	5.1	Lock-and-key	colloidal	gel	prepared	at	0.1	mM	NaCl	and	1.0	g/L	PEO	(Mv	=	600,000	g/mol)	at	a	stoichiometric	number	ratio	of	3	(three	locks	for	every	key).	Notice	the	abundance	of	specific	bonds.	Scale	bar:	10	µm.	 	
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Figure	5.2	Self-assembly	of	lock-and-key	colloids	at	1.0	mM	NaCl	and	1.0	g/L	PEO.	The	sample	was	titled	at	a	slight	angle	overnight	to	promote	the	densification	of	the	system.	Scale	bar:	20	µm.	 	
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Figure	5.3	Lock	colloids	(2.4	µm	size)	and	suflate	polystyrene	spheres	(1.4	µm)	driven	at	20	V	peak-to-peak	voltage	and	frequency	of	oscillation	of	1	kHz.	Image	is	(127.45	µm)2.		 	
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Figure	5.4	Self-part	of	the	van	Hove	correlation	function	for	lock	particles	driven	at	20	V.	For	this	data,	the	frequency	of	oscillation	of	the	field	was	swept	down	at	a	slow	rate	of	~0.1	kHz/second	from	10	kHz	to	1	kHz.	The	self-part	of	the	van	Hove	correlation	function	for	diffusing	locks,	for	a	lag	time	of	0.133	seconds,	is	plotted	as	small	black	stars.	The	self-part	of	the	van	Hove	correlation	function	for	active	lock	particles	is	shown	in	red	large	starts	for	a	lag	time	of	0.133	s,	blue	squares	for	a	lag	time	of	0.667	s,	and	green	circles	for	a	lag	time	of	1.33	s.			 	
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	Appendix		Appendix	A			 As	briefly	discussed	above,	the	bond	length	distribution,	shown	in	Fig.	2.3,	has	two	broad	peaks	which	indicate	the	bond	length	distance	between	specifically	and	nonspecifically	bound	lock-key	pairs.	The	broadness	of	these	peaks	can	be	explained	by	the	polydispersity	of	the	particles	and	by	out-of-plane	Brownian	rotation	of	particle	pairs.	Out-of-plane	rotation	of	the	particles	would	lead	to	the	identification	of	false	positives:	nonspecifically	bound	pairs	of	particles	that	our	code	would	identify	as	specifically	bound	(see	Figure	A.1	below).	In	such	cases,	the	apparent	distance	between	particle	centroids	is	below	the	threshold	value	for	specific	bonds,	and	the	bond	is	classified	as	a	specific	bond.		The	presence	of	false	positives,	and	the	effect	that	they	have	on	the	determination	of	kinetic	rate	constants,	was	studied	and	discussed	in	subsequent	modeling	and	simulation	work	(see	Chapter	2,	ref.	[21]).	Due	to	the	presence	of	false	positives,	S-F	and	S-NS	kinetic	rate	constants	include	the	influence	of	fast	events	with	short	lifetimes,	leading	us	to	obtain	S-F	and	S-NS	kinetic	rate	constants	that	describe	these	events	as	faster	than	what	they	occur	in	reality.	The	influence	of	false	positives	leads	us	to	estimate	NS-S	free	energy	differences	that	indicate	a	weaker	specific	bond	than	in	reality.		Modeling	work	that	incorporated	the	effect	of	false	
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positives	successfully	described	the	impact	such	misidentifications	have	on	the	measurement	of	S-NS	kinetic	rate	constants	and	the	NS-S	free	energy	difference.			 	
	 166	
	
	
Figure	A.1	Experimental	evidence	for	false	positive	identification	Panels	(a)	thru	(d)	show	confocal	images	of	a	correctly	identified	specifically	bound	lock-key	pair	that	undergoes	a	transition	to	being	nonspecifically	bound.	Panels	(e)	thru	(h)	shows	the	position	of	the	particles	on	the	previous	panels,	by	denoting	locks	with	red	crosses	and	keys	with	green	“x”s.	Thick	purple	circles	denote	what	the	code	has	identified	as	a	specific	bond	between	the	particles,	using	the	bond	length	distribution	from	Figure	2.3.		In	panels	(i)	–	(l),	we	show	a	false	positive	“specific	bond”,	as	can	be	seen	from	comparing	these	images	with	centroid	position	
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images	on	panels	(m)	thru	(p).	We	can	clearly	see	that	the	dimple	of	the	lock	particle	is	not	occupied	by	a	key.	
